Previous studies have shown that short-term passive cigarette smoking can increase apoptosis in rat gastric mucosa. However, the mechanism is not yet defined. Chloroform and ethanol extracts were used to investigate whether cigarette smoke could induce apoptosis in a human gastric epithelial cell line (AGS) as well as the roles of bcl-2, caspase-3, and cytochrome c in this process. AGS cell lines were treated with either chloroform extract (CE) or ethanol extract (EE) for 5 hours, and the level of bcl-2, the activity of caspase-3, and the level of cytosolic cytochrome c in these cells were determined. Time course studies on the effects of cigarette smoke extracts (CSEs) on DNA fragmentation and cytochrome c relocalization were also performed. Data showed that only CE induced apoptosis in a dose-and time-dependent manner in AGS cells, along with a decrease of bcl-2 and an increase of caspase-3 activity. Pretreatment with Z-DEVD-FMK (specific inhibitor of caspase-3) dose-dependently blocked the DNA fragmentation induced by the CE. Moreover, CE could time-and dose-dependently increase the level of cytochrome c in the cytoplasm, which might activate caspase-3. In conclusion, CSE triggers apoptosis in AGS cells through the inhibition of bcl-2 and the activation of a mitochondria-related pathway.
INTRODUCTION
Cigarette smoking is associated with a variety of diseases. Epidemiological and experimental evidence shows that cigarette smoking is closely associated with a high incidence of peptic ulcers, delay in ulcer healing, and increased recurrence of duodenal ulcer (6, 10, 15, 16, 26) . In experimental animals, smoking potentiates gastric mucosal injury induced by ethanol, aspirin, phenylbutazone, reserpine, and cold-restraint stress (8) . Short-term passive cigarette smoking has been reported to delay gastric ulcer healing (17) and to worsen alcohol-induced gastritis in rats (4) .
The mechanisms by which cigarette smoking or nicotine adversely affect the gastric mucosa have not been fully elucidated. It has been shown that the adverse effects of smoking are related to the enhancement of acid and pepsin secretion, free radical production, infiltration of neutrophils, reduction of gastric blood flow, mucus secretion, and epidermal growth factor (EGF) (3, 8, 19) . However, the cellular mechanisms by which cigarette smoking or nicotine adversely affect gastric mucosa are still unknown.
Ulcer disease is related to the disorder of cell loss, which can be induced by the inhibition of cell proliferation or the stimulation of cell death (eg, apoptosis). Although the role of apoptosis, a major form of programmed cell death, in the development and healing of peptic ulcer is still unclear, there is evidence strongly indicating that the initial phase of ulcer healing involves the inhibition of the apoptotic process (25) . Previous studies have shown that cigarette smoke exposure can increase apoptosis in the rat gastric mucosa (18, 28) . This increase in cell death directly induces cell loss and may partially contribute to the delay of ulcer healing by cigarette smoking (19) . However, little is known about how cigarette smoke triggers the apoptotic cascade in gastric epithelial cells, which are largely responsible for ulcer healing.
Cigarette smoke is a major exogenous source of oxygen free radicals (21, 22) . Its toxicity may be further enhanced by the stimulation of reactive oxygen species (ROS) production by neutrophils (14) , and possibly by the inhibition of mitochondrial electron transport leading to the formation of hydroxyl radicals (23) . In addition, ROS also play an important role in the apoptotic process (2, 27) . To this end, oxygen radicals can disrupt cellular functions and integrity and attack deoxynucleic acids (9) . We thought that the mitochondrion might be a target for this ROS-induced apoptotic process. This involves alteration of cellular reduction-oxidation (redox) potential and release of proteins that trigger the activation of a protease family, such as caspase. This caspase family includes cytochrome c and procaspase-3, which play a pivotal role in apoptosis.
We are interested in examining these mechanisms in the induction of apoptosis by cigarette smoke in human gastric epithelial cells. In addition, we study further whether the antiapoptotic protein, bcl-2, is also involved in the apoptosis induced by cigarette smoke.
MATERIALS AND METHODS

Chemicals
All chemicals and reagents were purchased from Sigma (Sigma Chemical Company, St. Louis, MO, USA) unless otherwise specified. Caspase-3 inhibitor was purchased from Calbiochem (San Diego, CA, USA). 100 U/ml penicillin G, and 100 µg/ml streptomycin in an incubator at 37 • C, with 95% humidity and 5% carbon dioxide.
Cells were cultured in 100-mm-diameter cell culture dishes. When subcultured, cells were digested with 0.25% trypsin/EDTA and then washed twice with 0.01 M PBS (pH 7.4). Finally, cells were resuspended in a corresponding culture medium and put into culture dishes or well plates for continuous passage or experimental treatment.
Preparation of Cigarette Smoke Extract
The "Camel" cigarette (R. J. Reynolds, USA) was used in the present study. We prepared different fractions of cigarette smoke extract (CSE) by passing the smoke through 4 flasks of 95% ethanol followed by 2 flasks of absolute chloroform successively. The ethanol fraction was concentrated by using an evaporator until all the water and ethanol were evaporated. The residue was then mixed with absolute chloroform to dissolve the residue part, which was soluble in chloroform. The remaining insoluble part was regarded as ethanol extract (EE). The chloroform-soluble fractions were combined and again concentrated by evaporation and regarded as chloroform extract (CE).
Both ethanol and chloroform extracts were analyzed for their chemical types by thin-layer chromatography and gas chromatography/mass spectrophotometry. The chemicals identified in the ethanol extract were mainly alkaloids, including nicotine, while the chemical components in the chloroform extract were found to be terpenoids, phenolic compounds, hydrocarbons, organic acids, fatty acids, and flavonoids, and there was no alkaloid observed.
The residues from either ethanol or chloroform were separately dissolved in dimethyl sulfoxide (DMSO, 100 mg/ml) and stored before use. The CSE was diluted in the cell culture medium and added to the cell line. The corresponding concentration of DMSO was used as a vehicle control in all experiments. The final concentration of DMSO was less than 0.1% (vol/vol).
Determination of DNA Fragmentation
DNA fragmentation was detected with a cell death detection enzyme-linked immuno-absorbance assay (ELISA), ELISA PLUS (Boehringer, Germany). The assay was based on a quantitative sandwich-enzyme-immunoassay-principle using mouse monoclonal antibodies directed against DNA and histones, respectively. This allowed the specific determination of mono-and oligonucleosomes in the cytoplasmic fraction of cell lysates.
After treatment, cells were collected and lysated. The cell lysate was centrifuged at 12,000 g (4 • C) for 20 minutes to separate the high-molecular-weight, unfragmented DNA. Then the supernatant was assayed for the DNA fragments according to the procedure provided by the company. The amount of DNA fragments was expressed as the absorbance value.
Acridine Orange Stain
Single-cell suspensions were fixed in 1% formalin/PBS and stained with acridine orange at the final concentration of 10 µg/ml. A drop (about 15 µl) of the stained cell suspension was placed on a microscope slide. Cells were visualized under an UV fluorescence microscope with a blue-green filter, as described previously (7) . Apoptotic cells were defined as cells showing cytoplasmic and nuclear shrinkage and chromatin condensation or fragmentation morphologically.
Flow Cytometry
Cells treated with or without CSE were collected and washed with ice-cold PBS. They were fixed in an ice-cold 70% ethanol solution prepared in PBS and stored at −20 • C. Before analysis, cells were washed and resuspended in PBS. Propidium iodide (PI, 100 µg/ml) and RNase A (100 µg/ml) were added and incubated at 37 • C for 30 minutes. The analysis of samples was performed by a flow cytometry (Beckman-Coulter Epics XL-MCL, UK). The cell cycle phase distribution was calculated from the resultant DNA histogram using Multicycle AV version 3.0 software (Phoenix Flow System, San Diego, CA, USA) and expressed as a percentage of cells in respective phases. Apoptotic cells were defined as those on the region below the sharply defined G 0 /G 1 peak (5) .
Activity of Lactic Dehydrogenase
The activity of lactic dehydrogenase (LDH) was determined by a kinetic method. In the neutralized condition, LDH catalyzes the formation of lactate from pyruvate. The more active LDH was, the more quickly NADH was dehydrogenated to NAD + .
After treatment, the culture medium was then used for the detection of LDH activity. Finally, the activity of LDH was calculated according to the change rate of absorbance.
Bcl-2 Level
The level of bcl-2 was determined by a commercially available ELISA kit (Bender MedSystem, Austria). Briefly, the biotin-labeled capture antibody was prebound to the streptavidin-coated microtiter plate. One hundred microliters of the supernatant of cell lysate was incubated in a microtiter plate with a peroxidase-labeled bcl-2 antibody for 2 hours at room temperature with constant shaking. The plate was then washed with washing buffer to remove unbound enzymelabeled antibody. After incubation with tetramethylbenzidine substrate solution for 10-20 min, the reaction was ceased by addition of a stop reagent. Subsequently, the plate was read at 450 nm in a microplate reader (MRX, Dynex Technologies Inc, USA).
Caspase-3 Activity
The activity of caspase-3 in the cell line was detected with a caspase-3 cellular activity assay kit (Calbiochem, San Diego, CA, USA). After treatment, cells were digested with trypsin/EDTA and then washed with PBS twice. The supernatant of cell lysate was saved in an ice bath for the detection of caspase-3 activity.
The cell extract reacted with colorimetric caspase-3 substrate I (Ac-DEVD-pNA). The change of absorbance was monitored at 10 min intervals from 30 minutes to 120 minutes by a microtiter plate-reader (MRX, Dynex Technologies Inc, USA). The activity of caspase-3 was calculated according to the slope of absorbance.
Cytochrome c Extraction and Analysis
Cytosolic extracts free of mitochondria were prepared for the immunodetection of cytochrome c as described by Bossy-Wetzel, Newmeyer, and Green (1) . Briefly, AGS cells were TOXICOLOGIC PATHOLOGY suspended in an extraction buffer [220 mM mannitol, 68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCl, 5 mM EGTA, 2 mM MgCl 2 , 1 mM DTT, and protease inhibitors]. After incubation for 30 minutes at 4 • C, cells were homogenized with a glass dounce and a B pestle (25-30 strokes). Cytosolic protein extracts were separated in 17% SDS-PAGE, blotted, and analyzed using monoclonal anti-cytochrome c antibody (PharMingen, USA). Immunoreactive bands were visualized using the enhanced chemiluminescence (ECL) detection reagents and exposed to an X-ray film. Quantitation was carried out by a BioRad's image assay system.
Statistical Analysis
Results were expressed as means ± SEM. Statistical analysis was performed with analysis of variance (ANOVA) followed with unpaired Student's t-test. p values less than 0.05 were considered statistically significant.
RESULTS
In cell culture, AGS was incubated with CE and EE at concentrations from 100-300 µg/ml, and the group treated with staurosporine (100 nM) was regarded as a positive control. It was found that only the CE at the concentration of 300 µg/ml induced DNA fragmentation in the AGS cell line after incubation for 5 hour (Figure 1 ). Time course study showed that CE at the concentration of 300 µg/ml time-dependently elevated the DNA fragmentation ( Figure 2 ). On the other hand, EE had no significant effect for all doses. Different concentrations of nicotine (100, 200, and 300 µg/ml), the major component in EE, did not have any effect on apoptosis with their OD values 0.157 ± 0.014, 0.157 ± 0.018, and 0.152 ± 0.010, respectively, which were not significantly different from the control (0.148 ± 0.008). Flow cytometry study demonstrated further that CE induced 48% of cells to undergo apoptosis after incubation for 12 hours (Figure 3 ). Stained by acridine orange, cells were found to shrink in volume and condense in the nucleus (data not shown), which confirmed that apoptosis did occur after CE treatment. In addition, LDH activity, as a marker for broken cell membrane, was found to be unchanged in the supernatant after incubation with CE for 5 hours (data not shown).
CE could decrease bcl-2 protein expression in an AGS cell line after incubation for 5 hours (Figure 4 ). However, EE also decreased the bcl-2 expression after incubation for the same period of time (Figure 4 ). On the other hand, CE dosedependently increased the activity of caspase-3, while EE had no effect on this enzyme ( Figure 5 ). Furthermore, the specific inhibitor for caspase-3 (Z-DEVD-FMK) could dramatically block CE-induced DNA fragmentation ( Figure 6 ).
Cytochrome c was studied as a stimulator for the activation of caspase-3. It was found that CE at the concentration of 300 µg/ml time-dependently increased the cytoplasmic level of cytochrome c, which was due to the relocalization of cytochrome c from mitochondria into the cytoplasm (Figures 7  and 8 ).
DISCUSSION
In the present cell culture system, only CE at the highest concentration could time-dependently and significantly induce DNA fragmentation. Flow cytometry study demonstrated that CE induced about 50% of cells to undergo apoptosis after incubation for 12 hours. To confirm further whether this DNA fragmentation was due to apoptotic cell death or necrosis, acridine orange stain and LDH determination were performed.
Acridine orange stain revealed certain morphological changes after stimulation with CE. The cell volume was decreased and the nucleus was condensed, both of which are features of apoptosis. In addition, to confirm that cell death was not due to necrosis, the amount of LDH released into the extracellular space was determined. It was found that the LDH level in the cell culture medium was not significantly affected by CE. This finding confirmed further that the form of cell death after incubation with CE was due to apoptosis but not necrosis. More interestingly, apoptosis was induced only in the CE-treated groups, which contained terpenoids, phenolic compounds, hydrocarbons, organic acids, fatty acids, and flavonoids, but no alkaloid (eg, nicotine). Nicotine was believed to be the culprit for gastric ulceration (11, 13, 20) . The present finding demonstrated that nicotine had no apoptotic effect in AGS cells, and this would further explain why EE, which contained nicotine, did not produce apoptosis in the AGS cell line. This suggested that substances other than nicotine in cigarette smoke played a more prominent role in inducing apoptosis in gastric epithelial cells. The onset of apoptosis was associated with the proteolytic activation of caspases. Caspases, a family of cysteine proteases, play a critical role in the execution of apoptosis. It is not only an initiator but also a marker for apoptosis (24) . As the CE triggered the apoptotic process in the AGS cell line, the activity of caspase-3 was elevated, whereas there was no change in this enzyme activity in the EE group, which at the same time had no effect on apoptosis. Moreover, the specific inhibitors of casapse-3 could dose-dependently and completely abolish the DNA fragmentation induced by CE. These findings strongly indicated that caspase-3 activation was involved in the CE-induced apoptosis in gastric cells.
Because caspase-3 activation was the key step in the CE-triggered apoptotic cascade, the mechanism of how CE activated this protease was studied. Cytochrome c was investigated as a candidate to induce caspase-3 in this study. Cytochrome c released from the mitochondria combined with other factors could activate the caspase-3 (12) . Indeed, it was found that cytosolic cytochrome c was increased after stimulation with CE in a dose-and time-dependent manner. This observation strongly indicated that the apoptotic process involves the cytochrome c release from mitochondria and the activation of caspase-3 in AGS cells. On the other hand, bcl-2, an antiapoptotic factor, has been shown to block mitochondria-related apoptosis at different aspects (12) . For example, bcl-2 blocks the release of cytochrome c from mitochondria and attenuates the activation of caspase-3 activity. In this study, CE suppressed the expression of bcl-2 in the AGS cell line. This might facilitate the mitochondria-dependent apoptotic cascade after stimulation by CE. Treatment with EE, which had no effect on DNA fragmentation, also decreased the protein level of bcl-2 in the cell line. These findings suggested that bcl-2 in the present cell culture system could only play a promoting role rather than be an inducer for apoptosis in the gastric epithelial cells.
In conclusion, CE could trigger the apoptotic process through a mitochondria/caspase-related pathway. It was proposed that CE could stimulate the relocalization of cytochrome c, which activated caspase-3 and initiated apoptosis in gastric epithelial cells. In addition, suppression of bcl-2 would also facilitate this action and produce more programmed cell death in the present cell culture system. 
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